
 

Copyright © 2002 by Lipid Research, Inc.

 

1920 Journal of Lipid Research

 

Volume 43, 2002

 

This article is available online at http://www.jlr.org

 

Altered adrenal gland cholesterol metabolism in the 
apoE-deficient mouse

 

Fayanne E. Thorngate,* Penelope A. Strockbine,* Sandra K. Erickson,

 

†

 

 and David L. Williams

 

1,

 

*

 

Department of Pharmacological Sciences,* University Medical Center, State University of New York at Stony 
Brook, Stony Brook, NY 11794; and Department of Medicine,

 

†

 

 University of California at San Francisco and 
Veterans Affairs Medical Center, San Francisco, CA 94143

 

Abstract Previous studies suggest the hypothesis that apoE
produced by adrenocortical cells modulates cellular choles-
terol metabolism to enhance the storage of esterified cho-
lesterol (EC) at the expense of cholesterol delivery to the
steroidogenic pathway. In the present study, parameters of
adrenal cholesterol metabolism and corticosteroid produc-

 

tion were examined in wild type and apoE-deficient (

 

apoe

 

���

 

)
mice. Adrenal gland EC content and the EC/free choles-
terol (FC) ratio in mice stressed by adrenocorticotropin
(ACTH) treatment or saline injection were reduced in

 

apoe

 

�

 

/

 

�

 

 compared to 

 

apoe

 

�

 

/

 

�

 

 mice. Relative to 

 

apoe

 

�

 

/

 

�

 

mice, apoE deficiency also resulted in increased levels of
plasma corticosterone in the basal state, in response to
acute or long-term ACTH treatment, and after a swim-
induced neuroendocrine-directed stress test. Measurements
of adrenal gland scavenger receptor class B, type I (SR-BI),
LDL receptor, and LDL receptor related protein (LRP) lev-
els and the activities of ACAT or HMG-CoA reductase
showed no difference between genotypes. 

 

Apoe

 

�

 

/

 

�

 

 and

 

apoe

 

�

 

/

 

�

 

 mice showed similar quantitative increases in LDL
receptors, SR-BI, adrenal weight gain, and ACAT activities
in response to ACTH, and both genotypes had similar basal
plasma ACTH concentrations.  These results suggest that
the effects of apoE deficiency reflect events at the level of
the adrenal gland and are specific to changes in cholesterol
accumulation and corticosterone production. Further, these
findings support the hypothesis that apoE acts to enhance
adrenocortical EC accumulation and diminish corticoste-
rone production.—
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Apolipoprotein E (apoE) is a prominent component of
plasma lipoproteins and serves to mediate endocytic up-
take of remnant lipoproteins by members of the LDL re-

 

ceptor family (1). In contrast to other apolipoproteins,
apoE is expressed in many peripheral tissues including
brain, adipose, skin, kidney, lung, and steroidogenic or-
gans such as adrenal gland, ovary, and testis (2–8). Studies
with humans, nonhuman primates, and rats show that the
level of apoE gene expression in the adrenal gland is simi-
lar to that in liver and may account for as much as 0.5–1%
of total tissue protein synthesis (2, 8–11). ApoE mRNA
and protein are expressed in adrenocortical zona fascicu-
lata and zona reticularis cells, the sites of glucocorticoid
production and cholesteryl ester storage in the adrenal
cortex (12, 13). Electron microscopic immunolocalization
studies show apoE intracellularly within vesicular struc-
tures of the secretory and endocytic pathways and promi-
nently on the plasma membrane both in cell surface mi-
crovillar channels and in non-microvillar regions of the
membrane (13).

The high expression of apoE in adrenocortical cells
and its pattern of regulation suggest that locally-derived
apoE may facilitate the acquisition of lipoprotein choles-
terol, alter cellular esterified cholesterol (EC) storage, or
modulate the availability of cholesterol for steroidogene-
sis. For example, in rat adrenal gland, apoE expression is
regulated in direct proportion to EC stores and inversely
to the level of steroid production (11, 12). In studies with
cultured murine Y1 adrenocortical cells, constitutive ex-
pression of human apoE leads to enhanced EC accumula-
tion and a suppression of steroid production (14, 15). In
addition, inducible expression of apoE in Y1 cells en-
hances both the endocytic and selective uptake of LDL EC
(16).

The studies noted above support the hypothesis that lo-
cal apoE production modulates cellular cholesterol me-
tabolism to enhance the storage of lipoprotein-derived EC
at the expense of cholesterol delivery to the steroidogenic

 

Abbreviations: ACTH, adrenocorticotropin; EC, esterified choles-
terol; FC, free cholesterol; LRP, LDL receptor related protein; SR-BI,
scavenger receptor class B, type I.
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pathway. In the present study, parameters of adrenal cho-
lesterol metabolism and corticosteroid production have
been examined in wild type and apoE-deficient mice. The
data suggest that apoE deficiency leads to an altered dis-
position of adrenal cholesterol with more directed toward
steroid production and less toward EC storage. These data
obtained with an in vivo mouse model support the hy-
pothesis that local apoE synthesis modulates cellular cho-
lesterol metabolism.

EXPERIMENTAL PROCEDURES

 

Animals

 

ApoE-deficient (

 

apoE

 

�

 

/

 

�

 

) mice on a mixed C57BL/6J 

 

�

 

 129
background were kindly provided by N. Maeda (Department of
Pathology, University of North Carolina, Chapel Hill, NC) (17).
The mice were bred as heterozgotes to C57BL/6J mice for four
generations, and then bred to homozygosity. Control (

 

apoE

 

�

 

/

 

�

 

)
mice were obtained in the same fashion. In several experiments,
control C57BL/6J mice were obtained from the Jackson Labora-
tory (Bar Harbor, ME), in which case the mice were acclimated
in the animal colony for at least 1 week prior to experiments. An-
imals were maintained on a chow diet with a 12 h dark/12 h light
cycle, and all experiments were initiated at 2 h into the light cy-
cle. The experiments reported here were carried out over a pe-
riod of 3.5 years using males that ranged from 2–5 months of
age. Adrenal function is subject to variation due to stress in the
colony (animal care procedures) that is difficult to control per-
fectly over a long period of time. Thus, it is not always possible to
make quantitative comparisons between experiments performed
at different times. However, considerable effort was made to con-
trol for potential variables within any experiment by using 

 

1

 

) age
matched animals, 

 

2

 

) by initiating experiments at 2 h into the
light cycle, and 

 

3

 

) by alternating the handling (bleeding, sacri-
fice, injections) of 

 

apoe

 

�

 

/

 

�

 

 and 

 

apoe

 

�

 

/

 

�

 

 mice within an experi-
ment. All reported comparisons are between 

 

apoe

 

�

 

/

 

�

 

 and 

 

apoe

 

�

 

/

 

�

 

mice in the same experiment. True control values (i.e., un-
stressed) were obtained by killing animals within a minute upon
removal from the cage. Controls in experiments involving injec-
tions or non-terminal bleeding were, by necessity, subject to the
stress of the experimental protocol.

 

Experimental treatments

 

For swim stress tests, mice were bled from the retroorbital
plexus into EDTA coated tubes, swum for 3 min at 5

 

�

 

C, rested for
17 min at room temperature, anesthetized with an intramuscular
injection of 50 

 

�

 

l ketamine-xylazine (3:2, v/v), and bled from
the heart (18). For acute adrenocorticotropin (ACTH) respon-
siveness, mice received an intraperitoneal injection of either 0.1
ml saline or 0.1 ml saline containing 200 mU ACTH (Acthar,
Rorer Pharmaceuticals, Fort Washington, PA). Mice were anaes-
thetized as above and killed after 40 min. For long term ACTH
treatment, mice received injections of 4 U ACTH or saline as
above at 0 and 12 h. At 24 h, mice were injected with saline or
200 mU ACTH and were killed after 40 min. Plasma was pre-
pared for corticosterone assay and adrenal glands were removed,
trimmed of adipose tissue, and frozen for subsequent cholesterol
measurement.

 

Adrenal gland cholesterol

 

Adrenal glands from individual mice were homogenized in
0.2 ml PBS in a ground glass tissue grinder that was rinsed with
another 0.2 ml PBS. The pooled homogenate and rinse were ex-

tracted with 1.5 ml CHCl

 

3

 

-MeOH (1:2, v/v) for 15 min at room
temperature, centrifuged for 15 min at 1,000 

 

g

 

, and the superna-
tant was removed to a new tube. The pellet was dissolved in 0.4 N
NaOH and assayed for protein by the method of Lowry (19). To
the supernatant were added 0.5 ml H

 

2

 

O and 0.5 ml CHCl

 

3

 

, the
sample was mixed, centrifuged to separate phases, and the
CHCl

 

3

 

 phase was removed and dried down under N

 

2

 

. Free cho-
lesterol and total cholesterol were measured with enzymatic col-
orimetric assays (Wako Chemical) adapted to a 96 well plate for-
mat. Cholesteryl ester was determined by difference.

 

Plasma corticosterone and ACTH

 

Blood was collected into EDTA rinsed syringes or capillary
tubes, centrifuged twice to remove cells, and stored at 

 

�

 

80

 

�

 

C un-
til assay. For corticosterone measurement, plasma was mixed
with 10 vol of ethanol for 10 min at room temperature, centri-
fuged at 10,000 

 

g

 

 for 10 min to remove protein, and aliquots
were dried and assayed for corticosterone by radioimmunoassay
(Endocrine Sciences, antiserum B3-163). The distributon of cor-
ticosterone between the lipoprotein and non-lipoprotein frac-
tions of plasma was determined after ultracentrifugation of
pooled plasma samples adjusted to 

 

�

 

 

 

	

 

 1.21 gm/ml with KBr
(20). The 

 

�

 

 

 




 

 1.21 gm/ml and the 

 

�

 

 

 

�

 

 1.21 gm/ml fractions
were adjusted to equal KBr concentrations, aliquots were diluted
with 10 vol of ethanol, centrifuged to remove KBr, dried, and as-
sayed for corticosterone. Plasma ACTH was determined by
ELISA using a commercial kit according to the manufacturer’s
protocol (Sangui Biotech, Santa Ana, CA).

 

Enzyme assays and Western blots

 

Adrenal glands from 10–20 mice were pooled and homoge-
nized in ice cold 0.6 ml 0.1 M sucrose, 0.05 M KCl, 0.04 M
KH

 

2

 

PO

 

4

 

, 0.03 M EDTA, 10 

 

�

 

g/ml aprotinin, pH 7.4. Aliquots of
the homogenate were frozen in liquid N

 

2

 

, and stored at 

 

�

 

80

 

�

 

C
for Western blot analysis. The remainder of the homogenate was
centrifuged at 4

 

�

 

C at 12,000 

 

g

 

 for 15 min, and the supernatant
was centrifuged at 105,000 

 

g

 

 for 45 min. The microsome pellet
was rehomogenized in 0.6 ml of the above buffer, centrifuged at
105,000 

 

g

 

 for 45 min, and the washed microsomal pellet was re-
suspended in 0.3 ml buffer, frozen in liquid N

 

2

 

, and stored at

 

�

 

80

 

�

 

C. Liver homogenate and microsomes were prepared in the
same manner except with 1 gm of liver homogenized in 5 ml. Mi-
crosomes were assayed for HMG-CoA reductase activity and
ACAT as previously described (21). ACAT was measured using
both endogenous and exogenous substrate.

For Western blot analysis tissue homogenates (50 

 

�

 

g protein)
were analyzed by SDS 8% polyacrylamide gel electrophoresis fol-
lowed by transfer of the proteins to a nitrocellulose membrane.
Blots were probed with antibodies against the LDL receptor and
the LDL receptor related protein (LRP) (21, 22) and with anti-
body to scavenger receptor class B, type I (SR-BI) (23). After
incubation with horseradish peroxidase-conjugated secondary
antibody, immunoreactive bands were visualized by enhanced
chemiluminescence (Pierce) and quantified by densitometry.

 

Adrenal morphology and ultrastructure

 

For light microscopy, mice were perfused through the left ven-
trical with PBS followed by 4% formaldehyde in PBS. Frozen sec-
tions were stained with oil red O and lightly counterstained with
hematoxylin as described (18). For electron microscopy, mice
were perfused at constant pressure (110 mm Hg) through the
left ventrical first with 0.5 ml 0.1 M sodium cacodylate, pH 7.4,
followed by 25 ml freshly prepared 2% glutaraldehyde, 1% para-
formaldehyde in 0.1 M sodium cacodylate, pH 7.4. Tissue prepa-
ration, staining, electron microscopy, and measurement of mi-
crovillar channels were carried out with sections from two mice
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of each genotype (18). Tissue morphology was also evaluated by
light microscopy using toluidine blue-stained epon sections (0.5

 

�

 

m) of adrenal gland and liver tissue.

 

RESULTS

 

Plasma and adrenal cholesterol metabolism

 

Previous studies indicated that adrenal apoE expression
is positively correlated with adrenal EC accumulation, sug-
gesting a potential role for apoE in the maintenance or
acquisition of adrenal EC stores (11).

Accordingly, plasma and adrenal gland cholesterol con-
centrations were determined in 

 

apoe

 

�

 

/

 

�

 

 

 

and 

 

apoe

 

�

 

/

 

�

 

 mice
under basal, unstressed, conditions and in response to ei-
ther saline or ACTH treatments. The data in 

 

Table 1

 

 show
the expected accumulation of plasma cholesterol in the

 

apoe

 

�

 

/

 

�

 

 mice in the basal state and in all experimental
groups. Acute ACTH treatment for 40 min had no effect
on plasma cholesterol in the 

 

apoe

 

�

 

/

 

�

 

 

 

or 

 

apoe

 

�

 

/

 

�

 

 mice.
Long term ACTH treatment over a 24 h period, however,
elevated both plasma free cholesterol (FC) and EC in

 

apoe

 

�

 

/

 

�

 

 

 

mice and reduced the ratio of EC/FC compared
to 

 

apoe

 

�

 

/

 

�

 

 

 

mice in the basal state or after acute ACTH or
saline treatment. A similar trend toward elevated plasma
FC (15–20% increased) was seen with long term ACTH
treatment of 

 

apoe

 

�

 

/

 

�

 

 mice, but this did not reach statistical
significance. 

 

Apoe

 

�

 

/

 

�

 

 mice

 

 

 

subjected to long term saline
or ACTH treatments also showed a significant reduction
in the ratio of EC/FC compared to 

 

apoe

 

�

 

/

 

�

 

 mice in the
basal state or after acute ACTH or saline treatments.

In addition to increasing corticosteroid production,
long term ACTH treatment stimulates an increase in adre-
nal gland wet weight. As shown in 

 

Table 2

 

, long term
ACTH treatment increased adrenal weight similarly in
both 

 

apoe

 

�

 

/

 

�

 

 and 

 

apoe

 

�

 

/

 

�

 

 mice. No differences in adrenal
weight between 

 

apoe

 

�

 

/

 

�

 

 and 

 

apoe

 

�

 

/

 

�

 

 mice were seen in any
experimental group.

In basal unstressed mice, we observed no significant dif-
ferences in total adrenal cholesterol or in EC between

 

apoe

 

�

 

/

 

�

 

 and 

 

apoe

 

�

 

/

 

�

 

 mice, but 

 

apoe

 

�/� mice had reduced
adrenal FC (74 � 2 vs. 63 � 3 �g/mg protein, P � 0.01).
The data in Fig. 1 and Table 3 compare the adrenal cho-
lesterol responses of apoe�/� and apoe�/� mice to acute
and long term ACTH treatments. With acute ACTH treat-
ment, apoe�/� mice showed an increase in adrenal total

cholesterol that was due to EC accumulation (Fig. 1A, B).
In comparison to apoe�/� mice, the apoe�/� mice showed
two differences. First, the adrenal contents of total choles-
terol and EC were less in the apoe�/� mice with both acute
saline and acute ACTH treatments (Fig. 1A, B). In addi-
tion, the FC content was lower in the acute saline treated
apoe�/� mice (Table 3). Second, whereas the apoe�/� mice
showed an increase in adrenal total cholesterol and EC in
response to acute ACTH, the apoe�/� mice did not.

With long term saline or ACTH treatment, the apoe�/�

mice had significantly reduced levels of adrenal total cho-
lesterol and EC in comparison to apoe�/� mice (Fig. 1C,
D). In addition, adrenal FC content was lower in the
apoe�/� mice after long term ACTH treatment (Table 3).
In contrast to the effects of acute ACTH treatment, apoe�/�

mice treated with ACTH for 24 h showed no increase in
total cholesterol or EC, but did show an increase in adre-
nal FC content (Table 3). Apoe�/� mice showed a signifi-
cant reduction in EC in response to long term ACTH
treatment (Fig. 1C, D), as well as the increase in adrenal
FC content (Table 3). As compared to the apoe�/� mice,
the EC/FC ratio (Table 3) was considerably lower in the
apoe�/� mice in all treatment groups and was reduced
with long term ACTH treatment in both apoe�/� and
apoe�/� mice. This result suggests a greater mobilization
of adrenal EC stores with long term, as compared to
acute, ACTH treatment. The mobilization of EC was
greater in the apoe�/� mice.

Adrenal receptor levels and enzyme activities
A variety of receptor levels were determined by Western

blotting of homogenates of adrenal glands from apoe�/�

and apoe�/� mice. As shown in Table 4, little or no differ-
ence was seen in the levels of SR-BI, LDL receptor, or the
LRP between apoe�/� and apoe�/� mice in the basal state.
Both genotypes showed a 3.5-fold increase in SR-BI and
1.5-fold increase in LDL receptor levels in response to
ACTH treatment for 24 h. Measurements made with liver
homogenates also showed no difference in receptor levels
between apoe�/� and apoe�/� mice.

Measurements of adrenal microsomal HMG-CoA reduc-
tase activity showed little or no difference between apoe�/�

and apoe�/� mice before or after ACTH treatment (Table
4). Similarly, no differences were noted between geno-
types in reductase activity in liver microsomes. Adrenal
ACAT activity with either endogenous or exogenous sub-

TABLE 1. Effect of ACTH treatment on plasma cholesterol concentration

Apoe�/� Apoe�/�

Treatmenta Total Cholesterol Free Cholesterol Ester Cholesterol EC/FC Total Cholesterol Free Cholesterol Ester Cholesterol EC/FC

mg/dl mg/dl

Basal 57.3 � 5.7 14.5 � 1.2 42.7 � 5.2 2.9 419 � 142 162 � 46 256 � 107 1.6
Acute saline 74.8 � 16.8 18.7 � 5.0 56.0 � 16.6 3.0 523 � 114 176 � 45 347 � 96 2.0
Acute ACTH 78.1 � 22.1 17.7 � 1.8 60.5 � 21.1 3.4 479 � 88 167 � 40 312 � 65 1.9
Long term saline 75.1 � 10.2 19.8 � 3.7 55.3 � 6.9 2.8 384 � 120 187 � 72 197 � 92 1.1
Long term ACTH 90.9 � 18.0b 27.4 � 5.9b 63.5 � 13.5b 2.3 450 � 140 225 � 79 225 � 69 1.0

a n 	 20 mice/group except for basal apoe�/� with n 	 19 and basal apoe�/� with n 	 30.
b Differs from the saline control group at P � 0.02.
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strate was similar between apoe�/� and apoe�/� mice and
showed an approximately 2-fold increase in both geno-
types in response to ACTH. No difference was noted be-
tween genotypes in ACAT activity in liver microsomes.

Plasma corticosterone accumulation
Plasma corticosterone levels were elevated in apoe�/�

mice in comparison to apoe�/� mice in the basal state (Fig.
2A, white bar) as well as in response to both acute (Fig. 2A,
solid bars) and 24 h ACTH treatments (Fig. 2B, solid
bars). A trivial explanation for this difference is that a
greater fraction of the plasma steroid partitions into the
much larger pool of plasma lipoproteins in the apoe�/�

mice but that the levels of free corticosterone and that
bound to binding globulins is the same. To test this point,
plasma was pooled from stressed mice of each genotype,
and separated into � 
 1.21 gm/ml and � � 1.21 gm/ml
fractions to measure lipoprotein-associated and lipopro-
tein-unassociated corticosterone. The results showed that
75% of the corticosterone was in the � 
 1.21 gm/ml frac-
tion and 25% in the � � 1.21 gm/ml fraction in both ge-

notypes (data not shown). Additionally, no significant cor-
relation was observed between total plasma cholesterol
and plasma corticosterone in either apoe�/� or apoe�/�

mice. Thus, the elevated plasma corticosterone in apoe�/�

mice appears to reflect a physiological difference that is
not explained by the much larger plasma lipid pool in
these mice.

To determine whether elevated basal plasma cortico-
sterone in apoe�/� mice is an effect at the adrenal gland or
reflects increased ACTH stimulation through the hypo-
thamic-hypophyseal axis, plasma ACTH concentrations
were measured. No significant difference between geno-
types was found (apoe�/�, 46 � 14 pg/ml, n 	 14; apoe�/�,
68 � 13 pg/ml, n 	 24). Additionally, plasma corticoste-
rone accumulation in response to an acute swim stress test
was determined as a measure of a central nervous system-
directed adrenal response. As shown in Fig. 3, as com-
pared to the apoe�/� mice, corticosterone values were ele-
vated in the apoe�/� mice before and after the swim stress
test. The fold increase in corticosterone upon stress was
approximately the same in both genotypes (apoe�/� 3.3 vs.
apoe�/� 2.6).

Adrenal morphology and HDL localization in
microvillar channels

Adrenal morphology was evaluated at the light micro-
scopic level by by oil red O/hematoxylin staining of cryo-
sections and by toluidine blue staining of thick sections of
epon-embedded tissue prepared for electron microscopy.
No significant differences were noted between apoe�/�

and apoe�/� tissue (data not shown). Unlike the situation
in the skin of apoe�/� mice where macrophage foam cells

TABLE 2. Adrenal weight response to ACTH

Treatmenta Apoe�/� Apoe�/�

mg/adrenal pair

Acute saline 3.31 � 0.49 3.11 � 0.71
Acute ACTH 3.51 � 0.41 3.37 � 0.60
Long term saline 3.33 � 0.49 3.59 � 0.51
Long term ACTH 4.09 � 0.48b 3.98 � 0.63b

a n 	 20 mice/group.
b Differs from the saline control group at P � 0.05.

Fig. 1.  Adrenal gland cholesterol content in response to adrenocorticotropin (ACTH). Mice (n 	 20) were injected with saline or ACTH
for either an acute (A and B) or long term (C and D) treatment as described in Experimental Procedures. Open bars, total cholesterol; solid
bars, esterified cholesterol. a P � 0.02 versus respective apoe�/� group. b P � 0.05 versus respective saline-treated group.
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and inflammatory cells accumulate (24), the adrenal
gland showed no signs of inflammation or macrophage
foam cells (data not shown). Oil red O staining appeared
somewhat less dense in some adrenal glands of apoe�/�

mice, but this difference was not consistently observed.
Liver sections from apoe�/� mice, but not apoe�/� mice,
showed many lipid laden Kupffer cells, granuloma-like ac-
cumulations of histiocytes in subendothelial locations,
and hepatocytes containing increased numbers of lipid
droplets; the latter point was noted previously (25). Adre-
nal ultrastructure at the electron microscopic level also
appeared to be normal in apoe�/� mice. The width of ad-
renal microvillar channels (apoe�/�, 12.7 � 2.3 nm, n 	
51; apoe�/�, 13.5 � 2.8 nm, n 	 68) and appearance of
HDL particles in the channels were the same in both ge-
notypes.

DISCUSSION

This study shows significant differences in adrenal
gland cholesterol metabolism in apoe�/� mice. The most
prominent effects were observed in adrenal cholesterol
content in ACTH-treated mice or mice stressed by saline
injection. In both groups, adrenal EC content and the

EC/FC ratio were lower in apoe�/� mice, suggesting a re-
duced capacity to maintain adrenal cholesterol stores dur-
ing stress. In some groups adrenal FC content was also
reduced in apoe�/� adrenal glands. These results comple-
ment data from a previous study that showed increased FC
and EC accumulation in murine Y1 adrenal cells that over-
expressed apoE (14). Additionally, the present results
complement previous studies in the rat that demonstrated
a direct correlation between the levels of apoE mRNA and
adrenal EC content under conditions that produced a 15-
fold range of these parameters (11). Taken together with
these previous studies, the present findings in the apoe�/�

mouse support a physiological role for apoE in maintain-
ing the EC content of adrenocortical cells. Because these
changes were seen only in adrenal glands from stressed
mice, apoE may act to maintain adrenal cholesterol stores
in the face of increased cholesterol utilization for steroid
production.

The absence of apoE also resulted in increased levels of
plasma corticosterone in the apoe�/� mouse in the basal
state, in response to acute or long-term ACTH treatment,
and after a swim-induced neuroendocrine-directed stress.
Increased plasma corticosterone in the basal state or in re-
sponse to long-term ACTH treatment could result from
increased adrenal production or reduced plasma clear-

TABLE 3. Adrenal gland free cholesterol content in response to ACTH

Apoe�/� Apoe�/�

Treatmenta FC FC/EC FC FC/EC

adrenal cholesterol
�g/mg protein

adrenal cholesterol
�g/mg protein

Acute saline 56 � 3 4.1 48 � 2b 3.3 
Acute ACTH 53 � 4 4.9 48 � 4 3.0
Long term saline 61 � 7

P � 0.01 
3.6 58 � 9

P � 0.01
2.7

Long term ACTH 84 � 18 2.2 73 � 13c 1.7

a n 	 20 mice/group.
b P � 0.02 versus respective apoe�/� value.
c P values in the table refer to comparison between ACTH and saline groups.

TABLE 4. Receptor and enzyme activities in apoe�/� and apoe�/� mice

Adrenal Gland

LiverBasal ACTH

Parameter na Apoe�/� Apoe�/� n Apoe�/� Apoe�/� n Apoe�/� Apoe�/�

SR-BIb 4 100 105 � 32 4 337 � 80 355 � 95 4 37 � 16 27 � 9
LDL receptorb 8 100 139 � 15 8 154 � 20 209 � 17 5 69 � 11 72 � 14
LRPb 4 100 85 � 14 NDc ND 4 111 � 4 96 � 12
HMG CoA reductase

pmoles/min/mg protein 6 61 � 29 52 � 18 3 20 � 16 40 � 12 4 79 � 8 93 � 26
ACAT

pmoles/min/mg protein
Endogenous substrate 4 20 � 4 33 � 8 3 48 � 40 63 � 8 ND ND
Exogenous substrate 7 400 � 100 280 � 50 3 760 � 70 850 � 50 4 250 � 30 270 � 30

a n 	 number of homogenate or microsome preparations examined. Each preparation was derived from ad-
renal glands or liver samples pooled from 10–20 mice.

b Receptor levels reflect densitometric units expressed as a percent of the basal apoe�/� sample set at 100.
c Not determined.
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ance. The rapid increase in plasma corticosterone follow-
ing a 3-min swim or an acute ACTH treatment, however,
suggests that elevated corticosterone levels in the apoe�/�

mouse result from greater adrenal hormone production.
The present results do not distinguish between an indirect
systemic effect and a direct adrenal effect of the absence
of apoE on steroid production. However, a direct effect of
apoE on adrenocortical cell steroid production is sug-
gested by previous studies that showed suppression of ste-
roid production in murine Y1 adrenal cells that constitu-
tively over-express apoE (15). Additionally, the finding
that apoE mRNA concentrations and relative apoE synthe-
sis rates are very high in adrenocortical cells of humans,
non-human primates, and rodents supports a local effect
of apoE (2, 4, 5, 8, 10). This interpretation of the present
findings also is supported by the inverse relationship be-
tween adrenal apoE mRNA content and serum corticoste-
roids observed in the rat (11). The mechanism through
which steroid production is increased in the apoe�/� adre-
nal gland may reflect the failure of apoE to dampen re-
sponsiveness through the protein kinase A pathway and
suppress expression of the mRNA for the cholesterol side
chain cleavage enzyme. ApoE exhibits these effects when
over expressed in cultured murine adrenal cells (26, 27).

The present results showing elevated corticosterone lev-
els in apoe�/� mice are in agreement with a recent study

(28), although a few differences were noted. Raber et al.
(28) saw elevated corticosterone levels in 6-month-old
apoe�/� mice but not in 3-month-old mice, whereas in the
present study elevated corticosterone levels were seen in
2–5-month-old apoe�/� mice. We observed no correlation
between plasma corticosterone levels and animal age in
control or ACTH treated mice. Raber et al. (28) also re-
ported increased lipid droplets in the adrenal cortex and
medulla of apoe�/� mice as judged by Nile red staining
suggesting increased EC accumulation. In the present
study we observed decreased EC accumulation in the ad-
renal glands of apoe�/� mice by cholesterol measurement,
occasional but inconsistent decreases in oil red O staining
in the adrenal cortex, and no oil red O staining in the ad-
renal medulla. These discrepancies with Raber et al. (28)
may reflect methodological differences.

Among the parameters studied, the effects of apoE defi-
ciency are specific to adrenal cholesterol accumulation
and corticosterone production. No significant differences
were observed in adrenal LDL or HDL receptor levels,
ACAT or HMG-CoA reductase activities, or in the re-
sponse of these parameters to ACTH treatment. Similarly,
adrenal weight gain in response to ACTH treatment was
similar in both genotypes. Additionally, the absence of
morphological differences at the light and electron micro-
scopic levels and the absence of inflammatory cells in the
adrenal glands of apoe�/� mice suggest that the effects of
apoE deficiency are relatively specific to changes in cho-
lesterol accumulation and corticosterone production. The
finding of similar basal plasma ACTH levels in the apoe�/�

and apoe�/� mice suggests that the observed differences in
adrenal cholesterol metabolism and steroid production
are due to apoE effects on adrenocortical cells and not to
effects on a neuroendocrine pathway. This point is also
supported by the similar quantitative responses of both
genotypes in the ACTH stimulation of LDL receptors, SR-
BI, adrenal weight gain, and ACAT activities whereas at
the same time apoe�/� mice showed elevated plasma corti-

Fig. 2.  Plasma corticosterone in response to ACTH. Mice were
untreated (A, basal, left bar; apoe�/� n 	 18; apoe�/� n 	 31), or in-
jected with saline (middle bar) or ACTH (solid bars) for either an
acute (A, n 	 20) or long term (B, n 	 10) treatment as described
in Experimental Procedures. a P � 0.01 versus respective apoe�/�

group. b P � 0.07 versus respective apoe�/� group.

Fig. 3.  Plasma corticosterone in response to a swim stress test.
Plasma corticosterone was measured (n 	 18) before (open bars)
and after (solid bars) a swim stress test as described in Experimen-
tal Procedures. a P � 0.01 versus respective apoe�/� group.
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costerone levels and a decreased capacity to maintain ad-
renal cholesterol stores when stressed.

The mechanism by which apoE expression alters adre-
nal cholesterol metabolism is unclear but could involve
changes in lipoprotein cholesterol uptake or in choles-
terol trafficking or utilization in adrenocortical cells. Pre-
vious studies in Y1 adrenocortical cells showed that apoE
expression increases the selective uptake of LDL EC via a
pathway that does not involve SR-BI (16, 29). A smaller in-
crease in the endocytic uptake of LDL EC was also seen
upon apoE expression. Similar effects of apoE could con-
tribute to the maintenance of adrenal gland EC during
stress, although HDL, and not LDL, appears to provide
most of the adrenal gland EC in vivo (18, 30). Further
studies on the effect of apoE on HDL and LDL EC uptake
into adrenocortical cells may be informative on this is-
sue.
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